Abstract The centre of rotation of the hip can be displaced in hip dysplasia and revision arthroplasty. This study examined the effect of artificial femoral head load after acetabular component displacement in total hip arthroplasty. Sixteen total hip arthroplasty models of human cadaver specimens were reconstructed, and under different acetabular component position, the load around the femoral head was evaluated by strain gages. The results showed that the load was higher in the same specimens when the cup was moved 2 mm inward or upward, especially after the cup was moved more than 6 mm, and the load had an increasing effect in the inward group. In the upward group, an increasing effect happened at 8 mm upward displacement, but the stress value decreased from 4 mm to 6 mm upward displacement. In the same moving distance, the stress of inward displacement is obviously higher than upward displacement. Altogether, the results suggested that for both inward displacement and upward displacement of the acetabular cup, the load around the femoral head increased gradually, while the distance of the inward displacement and the superior displacement was increased. The greater the displacement, the bigger the loading contact stress. The upward displacement caused less stress change on the femoral head. The stress of the 6 mm upward position was lower than nearby positions; perhaps this site represented a stress buffering zone.
Introduction
After total hip arthroplasty, the implantation of prosthetic components radically alters the pathway of load transfer across the hip joint, consequently changing the original pattern of load in the hip joint. Due to stress shielding, the periprosthetic bone undergoes structural remodelling and/or bone absorption in the long-term. Additionally, because of cyclic stress developing at prosthetic components, they are subject to wear and fatigue. All these factors lead to adverse effects in the prostheses on long-term stability, and result in prostheses loosening in the late stage. Among all the causes for the alteration of stress distribution, the position and orientation of the acetabular cup plays an important role in addition to the design and material properties of the prostheses and the surgical technique.
Several studies now show that cup inclination is an important factor in wear, and cup inclination should be 45°o r less because inclination greater than that is directly related to accelerated wear; others have suggested that the hip centre of rotation (COR) must be closely re-established to reduce wear [1] [2] [3] [4] . However, there is no normal anatomical structure and/or the bone stock is poor in acetabular dysplasia and revision arthroplasty. It is not so difficult to achieve stable fixation of the cup in a position that provides hip stability and correct inclination using bone graft; whereas it is difficult to put the cup in the anatomical position so that the hip centre of rotation can be displaced, superiorly and/or medially to permit cup inclination below 45°with correct cup coverage [5] [6] [7] [8] . However, these displacements would still cause accelerated wear [3, 9] .
Therefore, the effect of the load on the artificial femoral head after total hip arthroplasty is important to achieve a better position in the displacement, especially in the inward an/or upward displacement which are the two most frequent occurrences in the surgery. Few studies have analysed this issue.
We conducted this study to determine the effect of load on the artificial femoral head after total hip replacement. Cadaveric pelvic specimens were used under different acetabular component positions to evaluate contact pressure between the artificial femoral head and acetabulum with strain gages.
Materials and methods
Through the Medical Ethics Committee of Sun Yat-sen University, 12 female cadavers were offered by the Department of Anatomy of Sun Yat-sen University, of which eight were selected because they were within a 5% of variation in pelvic bone size. Following the procedure of total hip arthroplasty of Zimmer M/L Taper Hip Prosthesis from Zimmer Inc. (Warsaw, IN, USA), these 16 artificial acetabular models of the human cadaver specimens were reconstructed for different acetabular component positions: two acetabular prosthesis were in anatomical position, seven acetabular prosthesis had an inward displacement ranging from 2 mm to 14 mm with 2-mm increments, and seven acetabular prosthesis had an upward displacement ranging from 2 mm to 14 mm with 2-mm increments. Briefly, the cadaver specimens were dissected of all soft tissue around the hip joint and the hip COR in different positions were located by graduated pins with inclination of 45°. Then 48-mm acetabular components were placed in different positions, also with inclination of 45°. The COR calculation in the cadaver was the same as the 3D biomechanical model [10, 11] : two strings were selected in the acetabular rim at random and the vertical intersection of the strings was the COR. Further, the exact COR calculation for every specimen was as follows: for inward or upward of 0 mm, the socket was just made to be a smooth, perfectly rounded surface to accept the size 48-mm acetabular component by the reamer, then the anatomical COR was calculated; for inward or upward of 2 mm, the acetabulum was treated to be the 0-mm position and the anatomical COR was calculated, then the 2-mm displacement of the COR was exactly located by a graduated pin.
After the reconstruction of the 2-mm displacement acetubulum, the new COR was compared with the 0-mm displacement position. The procedure for the other positions was the same. Because one displacement could not be compared with the 0-mm displacement after the other acetabulum was reconstructed in the same cadaver, it was compared with the 2-mm less displacement in the same cadaver. For example, the 4-mm displacement could be compared with the 0-mm displacement before the other acetubulum was reconstructed in the same cadaver, but after the other acetubulum was reconstructed in the 6-mm displacement, the COR of the 6-mm displacement would be compared with the 4-mm displacement.
According to the anatomical acetabular positions, the pelvic specimens were divided into the inward displacement group and the upward displacement group. The inward displacement group contained one anatomical position (inward 0 mm) and seven inward positions (including inward 2 mm, 4 mm, 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm, but 14 mm was not undertaken for large bone loss). The upward displacement group contained one anatomical position (upward 0 mm) and seven upward positions (including upward 2 mm, 4 mm, 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm).
The superior and medial part of a size 28-mm artificial femoral head was cleaned and marked for strain gauges biaxially as recommended by Kyowa (KFG-5-120-C1-11L3M2R; Tokyo, Japan) (Fig. 1a) . The dimensions of the strain gauges were 5 mm×15 mm and the thickness was 33-38 μm. The shape of the strain gauges (sensitivity coefficient: 2.08 ± 1.0%) was adjusted with dimensions based on the curve of the femoral head. The strain gauges were glued on the marked central position in the superior and medial part of the femoral head using one drop of rapid cure adhesive (cyanoacrylate adhesive CC-33A, Kyowa). The strain gauge covered 34% of the half sphere in the mediolateral direction of the femoral head. An accessory film of polyethylene resin from Kyowa was used to cover the strain gages. A latex condom was placed over the strain gages (Fig. 1b) and the adhesive was allowed to completely harden for 60 minutes.
The sacrum of the pelvis and the artificial femur were embedded in a specimen holder with denture acrylic resin from Shanghai Medical Instruments (Shanghai, China) and placed in the SANS CMT 6104 material testing machine from MTS Co. (Shengzhen, China) (Fig. 2) . The artificial femur was embedded in a specimen holder with denture acrylic resin and fixed with two pins. Specimens were oriented as follows: in the lateral view, anterior superior iliac spine and symphysis pubis vertically aligned, femoral prosthesis vertical; and in the anterior view, pelvis level horizontally, femoral prosthesis in 15°of adduction relative to the pelvis [12] .
After aligning the loading axis of the testing machine and the measuring points, the strain gauges were connected to the Kyowa PCD-300A strain data analysis system (Tokyo, Japan). Then, a hydraulic load at a rate of 4 mm/ min was applied on the preload of 100 N up to 1000 N. To ensure stable performance of the strain gauges and to avoid onset of the null-shift phenomenon, we adjusted the strain data analysis system, including standardisation, zero setting, measurement, attenuation, etc. before real-time measurements. Moreover, the attenuation value was set to ten, with uniform sensitivity coefficients of the instrument and resistance strain gauge. Each experiment was repeated at least twice and results were averaged.
According to Hooke′s law, the relationship of stress and strain was expressed by the formula (stress = −E × strain, where E is the elasticity coefficient), so stress on each position is proportional to its strain, and compression or stretch of the strain gauge was expressed by the negative or positive symbol of the strain value. The analysis of variance between the two groups was done using F-test and Student′s t-test.
Results
In the inward displacement of the acetabular group, the load around the artificial femoral head was higher, and had an increasing effect when the ingression was moved 2 mm more, especially after the inward distance was moved more than 6 mm (Fig. 3) . In the inward 8 mm position, the stress on the femoral head was four times higher than the anatomical position.
A similar trend was found in the upward group, and an increasing effect occurred at 8-mm upward displacement (Fig. 3) . However, the stress of the 6-mm upward position was lower than nearby positions.
Comparison of the load around the artificial femoral head from the upward and inward groups (Figs. 3 and 4) showed that the stress of inward displacement is higher than upward displacement over the same distance. The upward displacement also caused less serious stress change (p< 0.002 in F-test, p<0.02 in t-test).
Discussion
After total hip arthroplasty, the major mechanical problem is the change of the load on the artificial components and the femur, which influence the long-term results of artificial There has been no clear conclusion about which acetabular COR is better until now, especially for patients suffering acetabular dysplasia, and after revision arthroplasty, in which there is no normal anatomical structure and bone mass is poor. In these patients, it is hard to place the COR in the anatomical position. Some studies showed that even if the prostheses is placed in the anatomical centre in an abnormal anatomical acetabulum, the compressive stress around the femoral head was still not within the normal range [10, 13] . Here, we identified the effect of biomechanical change on different acetabular centres, through creating 16 total hip arthroplasty models of the human cadaver specimens in upward or inward displacements. Since Charnley et al. began studying acetabular displacement in the clinic for reduction of local compressive stress in 1970 [14] , this research has continued. According to radiological case analysis, several studies showed that the acetabular centre inward or inferior displacement was better in terms of stress change [11, 15, 16] . However, some other studies reported better results of upward or upward with inward displacement of the acetabular centre using digital model analysis and clinical follow-up [3, 13, [17] [18] [19] . According to computer analysis, if they considered the effect of surrounding soft tissue in the hip joint, superior and medial displacement combined with extension of the femoral neck length was better [10] . Thus, there are still many different arguments about acetabular displacement.
From our results, when the distance of inward displacement and superior displacement were increased, the load around the femoral head increased gradually. The greater the displacement, the more serious the loading stress, especially inward displacement over 6 mm and upward displacement over 8 mm. This suggested that we should avoid too much inward or upward displacement when positioning the acetabular centre in the operation. As is known, after total hip arthroplasty the implantation of prosthetic components radically alters the pathway of load transfer across the hip joint. The artificial femoral head would suffer relatively greater stress, which also caused the stress shielding, prostheses wear, and failure. Following the upward and/or inward displacement, the superior and medial area of the femoral head as the centred contact point became relatively smaller, which would cause the stress increase biomechanically. Especially after inward displacement over 8 mm, the acetabular wall became significantly thinner and the stress on the femoral head also became serious, so at this point a small change of acetabular bone mass would cause significant biomechanical change around the femoral head. Similarly, when the upward displacement of the acetabular centre was over 6 mm, the stress on the femoral head also became serious. Moreover, from the result over the same distance, the stress of inward displacement is obviously higher than upward displacement, so we should maintain the inward bone mass of the acetabulum as much as possible during the operation. In fact, it maybe be better to choose upward displacement.
In this experiment, the stress of the 6-mm upward position was lower than nearby positions. We repeated the test four times in this position and achieved the same results. Thus, we could not rule out the possibility that this point was a possible stress buffering zone. The stress on the artificial femoral head in this position was lower than the 0-mm position, so this might be a better alternative acetabular centre site.
After total hip arthroplasty, there was no clear standard concerning the suitable compressive stress around the femoral head. In fact, compared with human joints, the load on the artificial joints was obviously changed. Either larger or smaller stress on the artificial femoral head could lead to bone absorption, prosthetic loosening, stress shielding, and so on in the long-term. From these limited specimens, we studied the relationship between acetabular centre and load around the femoral head. Some trends were observed, but we could not do a study based on one anatomical position and one displacement position in the same specimen, nor could we test more displacements. The single prosthetic design was better in establishing a physiologically stable model [20] , but biological effects also related to a load history, and a loading over time may not be enough, so we could further combine the finite element analysis, muscle power, and biomechanics [4, 13] . Further, the ideal strain gauge should change resistance only due to the deformations of the surface to which the sensor is attached. However, in real applications, temperature, material properties, the adhesive that bonds the gauge to the surface, and the stability of the metal all affect the detected resistance. Therefore, all of these limitations should be addressed in our future research. Fig. 4 The relative fold change comparison of stress on the artificial femoral head between upward displacement and inward displacement of the acetabulum (p<0.002 in F-test, p<0.02 in t-test)
